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Abstract

H2N2 subtype low pathogenic avian influenza viruses (LPAIVs) have persisted in live bird 

markets (LBMs) in the Northeastern United States since 2014. Although unrelated to the 1957 

pandemic H2N2 lineage, there is concern that the virus could have animal and public health 

consequences because of high contact with humans and numerous species in the LBM system. The 

pathogenicity, infectivity, and transmissibility of six LBM H2N2 viruses isolated from three avian 

species in LBMs were examined in chickens. Two of these isolates were also tested in Pekin ducks 

and guinea fowl. Full genome sequence was obtained from all 6 isolates and evaluated for genetic 

markers for host adaptation and pathogenicity in poultry. Clinical signs were not observed in any 

host with any of the isolates, however one recent isolate was shed at higher titers than the other 

isolates and had the lowest bird infectious dose of all the isolates tested in all three species. This 

isolate, A/chicken/NY/19-012787-1/2019, was also the only isolate with a deletion in the stalk 

region of the neuraminidase protein (NA). This supports the theory that the NA stalk deletion is 

evidence of adaptation to gallinaceous poultry.
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Introduction

Since the early 1990s, H2N2 low pathogenic avian influenza viruses (LPAIVs) have been 

sporadically isolated from birds of the North East US live bird markets (LBM) in the United 

States (US), and in 2014 a new lineage of H2N2 became established in the market system 

and persists in 2021 (Bulaga et al., 2003; Mullaney, 2003; USDA, 2018). LBMs have long 

been recognized as a conduit for avian influenza viruses (AIVs) to enter industrial poultry 

populations (Senne et al., 2003). They can also serve as genetic reservoirs that allows the 

viruses to change and transmit between species, including humans (Senne et al., 2006). 

Regarding human infections of H2N2, studies revealed that the ancestors of the H2N2 

strains that caused the pandemic in 1957 have circulated in avian reservoirs (Schäffr et al., 

1993). Moreover, as H2 subtypes are LPAIV strains, birds may not exhibit clinical signs 

of disease and might appear healthy, therefore increasing the risk of unnoticed exposure of 

other species to the virus.

Importantly, the H2N2 AIVs currently circulating in the US LBMs are not related to 

the 1957 pandemic lineage, which appears to be extinct. While the H2N2 subtype has 

disappeared from humans, there remains heightened concern that another H2 lineage virus 

can transmit to other species and cause a new human pandemic. Therefore, evaluating, 

monitoring, and controlling H2 isolates in poultry has to be thorough and precise (Jones 

et al., 2014; Pappas et al., 2015). Currently, there are two major H2 lineages in waterfowl 

in North America and Eurasia, one lineage consisting of purely North American strains 

and another grouping genetically mixed strains of North American and Eurasian strains.. 

Intercontinental spread of these lineages has been documented (Liu et al., 2004; Makarova 

et al., 1999; Piaggio et al., 2012), so some contemporary viruses from the US are related to 

strains from Eurasia.

In this study, we evaluated the pathogenicity, bird infectious dose, transmissibility, and 

genetic changes of recent H2N2 isolates from the US LBM system. The primary objective 

was to determine whether they are becoming more adapted to poultry species as they persist 

in the market system. The pathobiology of the H2N2 viruses was examined in chickens, 

guinea fowl and Pekin ducks because they are among the most common species in the 

LBMs (Garber et al., 2007). Earlier reports suggest that guinea fowl are more susceptible to 

infection with AIV than chickens (Bertran et al., 2017). Furthermore, guinea fowl have been 

found to be the species with the highest prevalence of LPAIV infection in LBMs (Bulaga 

et al., 2003). Domestic ducks such as Pekin ducks are also known as key intermediates in 

the transmission of AIV to commercial poultry (Cardona et al., 2009; Swayne et al., 2020; 

Webster et al., 1977).

For this study, an established animal model that has been used with numerous avian species 

for characterizing AIV isolates was applied (Bertran et al., 2017; Pantin-Jackwood et al., 

2017; Spackman et al., 2016).
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Material and Methods

Viruses.

Six H2N2 LPAIV viruses from US LBMs were selected based on recency and to represent 

the different genotypes present in the live birds markets during the time period (i.e., the 

presence or absence of a NA stalk deletion): A/duck/PA/14–030488-5/2014 (Dk/PA/14), A/

chicken/NY/16–032621-2/2016 (Ck/NY/16), A/chicken/CT/17–008911-4/2017 (Ck/CT/17), 

A/chicken/NY/18–002471-4/2018 (CK/NY/02471/18), A/chicken/NY/18–042097-3/2018 

(Ck/NY/042097/18) and A/chicken/NY/19–012787-1/2019 (Ck/NY/19) (Table 1). All 

isolates were obtained from the National Veterinary Services Laboratories, USDA-APHIS. 

The viruses were propagated and titrated in 9–10 day old embryonated chicken eggs (ECEs) 

by allantoic sac inoculation as per standard procedures (Spackman and Stephens, 2016). The 

actual challenge doses were verified by titrating the inoculum in ECEs.

Birds.

All procedures involving animals were reviewed and approved by the US National Poultry 

Research Center (USNPRC) institutional animal care and use committee (IACUC). One 

hundred six Specific pathogen-free (SPF) White Leghorn chickens (Gallus gallus) were 

obtained from USNPRC in-house flocks, and sixty-four guinea fowl (Numida meleagris) 

and forty-eight Pekin ducks (Anas platyrhynchos) were obtained from commercial 

producers. Chickens and guinea fowl were challenged at 4 weeks of age and Pekin ducks 

were challenged at 2 weeks of age. Birds were individually tagged, and each treatment 

group was housed in isolation units that were ventilated under negative pressure with high

efficiency particulate filtered air. Directly inoculated and contact exposure birds were housed 

in the same unit so were able to make direct contact and shared feed and water. Lighting 

programs to which the birds were already acclimated were used, and feed and water were 

provided with ad libitum access. All birds were tested for antibody to the challenge virus 

prior to challenge by hemagglutination inhibition assay as described below.

The pathogenicity, infectious dose, and relative transmissibility of six LBM H2N2 isolates 
in chickens.

Birds were divided into groups and were inoculated with specific doses of the challenge 

viruses, as shown in Table 2. Briefly, each group consisted of 5 directly inoculated birds, 

with 3 uninoculated birds added approximately 24 hours post-inoculation (pi) to serve 

as contact-exposure birds. Three different doses were administered for each virus by the 

intra-choanal route, which were 102 50% egg infective doses (EID50) (low dose), 104 EID50 

(medium dose), and 106 EID50 (high dose). All doses were administered in 0.1 mL. Two 

additional groups of eight birds were given the high dose of isolates Ck/NY/042097/18 and 

Ck/NY/19 for the purpose of a more complete evaluation of pathogenicity and virus shed 

(i.e., so there would be more birds at a high enough dose that was expected to infect all the 

birds). The clinical condition of all birds with a focus on signs of LPAIV (lethargy, diarrhea, 

upper respiratory disease) was evaluated daily throughout the study. With isolates Dk/PA/14, 

Ck/NY/16, Ck/CT/17 and CK/NY/02471/18, oropharyngeal (OP) and cloacal (CL) swabs 

were collected at 2 and 4 days post-inoculation (dpi) from directly inoculated birds, and 3 

and 5 dpi from contact-exposure birds (2 and 4 days post exposure to inoculated birds). With 
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isolates Ck/NY/042097/18 and Ck/NY/19, the same samples were collected at 2, 4, 7, 10, 

14 dpi from inoculated birds and 3, 5 and 7 dpi from contact-exposure birds. Oropharyngeal 

and CL swabs were collected in 1 mL of brain heart infusion (BHI) media with a final 

concentration of gentamicin (1,000 μg/mL), penicillin (10,000 U/mL), and amphotericin B 

(20 IU/mL) and stored at −80°C before processing. Oropharyngeal swabs were obtained 

by swabbing the buccal cavity and choanal cleft. Blood for serum was collected from all 

surviving birds at the termination of the experiment at 14 dpi. Birds were euthanized at 14 

dpi following IACUC approved protocols. Birds were considered infected if virus shedding 

from either the OP or CL routes was detected and/or the bird was seropositive for AIV at 14 

dpi. The 50% bird infectious dose or BID50, was calculated with the Reed-Muench method 

(Reed and Muench, 1938).

The pathogenicity, bird infectious dose, and relative transmissibility of Ck/NY/042097/18 
and Ck/NY/19 in Guinea fowl and Pekin ducks.

The two most recent isolates were also evaluated in two additional species, Pekin ducks and 

guinea fowl. The experimental design was identical with experiment 1 (Table 3) of Ck/Ny/

042097/18 and Ck/NY/19 except only 5 Pekin ducks were used in the high dose groups. OP 

and CL swabs were collected at 2, 4, 7, 10, and 14 dpi from directly inoculated birds and 

at 3, 5, and 7 dpi (2, 4 and 6 days post exposure to inoculated birds) from contact-exposure 

birds. Experimental methodologies including sample collection, processing and evaluation 

were identical with the chicken experiments.

Sample processing and qRT- PCR.

Viral loads in OP and CL swabs were examined by quantitative real-time reverse

transcriptase polymerase chain reaction (qRT-PCR). RNA was extracted from swabs using 

the MagMAX96 Viral RNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA) and 

the KingFisher Flex Magnetic Particle Processing System (Thermo Fisher Scientific), with 

an additional wash step to remove inhibitors (Das et al., 2009). The qRT- PCR for AIV 

detection was conducted based on the standard USDA M gene AIV qRT- PCR procedure 

(Spackman et al., 2002) using an Applied Biosystems® 7500 Fast Real- Time PCR system 

(Thermo Fisher Scientific). Cycle threshold (Ct) values were determined by the 7500 Fast 

Software v2.3. For relative quantification, Ct values were converted to titer equivalents based 

on the standard curve method (Larionov et al., 2005). Values were established from ten-fold 

dilutions of the same titrated stock of the virus used to challenge the birds. The limit of 

detection was determined to be 0.8Log10 per reaction.

Serology.

Hemagglutination inhibition (HI) assays using homologous antigens were performed to 

quantify antibody responses with serum collected from chickens, guinea fowl and Pekin 

ducks at 14 dpi based on the standard protocol (OIE, 2019). HI was selected because it’s not 

species specific and is quantitative. HI titers were reported as reciprocal log2 titers, and titers 

greater than 3 log2 (1:8) were considered positive.
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Genome sequence analysis.

In order to identify amino acid sequence changes associated with AIV adaptation in poultry, 

comparative genome sequence analysis between challenge viruses was conducted. Complete 

genomes of all challenge viruses were sequenced using the MiSeq platform (Illumina, San 

Diego, CA). All 8 gene segments were amplified by PCR as described previously (Ferreri et 

al., 2019) and cDNA libraries were prepared using the Nextera XT DNA Sample Preparation 

Kit according to manufacturer instructions. Sequencing was performed using the 500 cycle 

MiSeq Reagent Kit v2 as described by Lee et al., (Lee et al., 2017). GenBank accession 

numbers are shown in Table 1. Nucleotide sequence assembly was initially conducted 

with IRMA v. 0.6.7 (Shepard et al., 2016) and automated assemblies were verified using 

DNAStar SeqMan NGen v. 14. The nucleotide sequences for the complete coding regions 

of all viruses were aligned using MAFFT and subsequently subjected to single-nucleotide 

polymorphisms (SNP) analysis using Geneious Prime (BioMatters, San Diego, CA)..

Statistical analyses.

Statistical analyses focused on the high dose groups because they were comprised of an 

adequate number of individual birds. Normal Gaussian distribution of the data sets were 

confirmed by Shapiro-Wilk test and Kolmogorov-Smirnov test Two-way analysis of variance 

(2-way ANOVA), along with Tukey’s multiple-comparison tests, was used to compare virus 

shed titers among species-virus challenge groups using Prism v.8.2.1 (GraphPad software, 

La Jolla, CA) (groups with fewer than 7 birds were excluded due to low power). Negative 

samples were given an imputed titer of 50% of the limit of detection (in titer equivalents) 

(Cohen, 1959). The Fisher exact test was used to compare the proportion of bird shedding in 

the high dose groups (Prism 8.2.1).

Results

Infectivity and transmissibility of six LBM H2N2 viruses in chickens.

No chickens in the low and medium dose groups of four isolates (Dk/PA/14, Ck/NY/16, 

Ck/CT/17, CK/NY/02471/18) were infected based on viral RNA presence in swabs and 

antibody titers in blood serum collected at 14 dpi (Table 2, Supplemental Figure 1). 

However, 20% (1 of 5) of the chickens were infected in the low dose group and 40% (2 

of 5) were infected in the medium dose group of Ck/NY/042097/18, while 20% (1 of 5) 

and 100% (5 of 5) of birds were infected in the low and medium dose groups of Ck/NY/19, 

respectively Forty percent (2 of 5) and 80% (4 of 5) of the chickens were infected in 

the high dose groups of Dk/PA/14 and Ck/NY/16, respectively, while only 20% (1 of 5) 

were infected in the Ck/CT/17 and CK/NY/02471/18 groups. None of the contact exposure 

birds were infected in any dose group by the isolates Dk/PA/14, Ck/NY/16, Ck/CT/17 and 

cK/NY/02471/18. In the high dose groups of Ck/NY/042097/18 and Ck/NY/19, 100% (13 

of 13) of chickens were infected.

Virus shedding by the OP route was detectable at 4 dpi in the high dose groups of all isolates 

(Figure 1a). The OP shed titers of the Ck/NY/16 high dose group at this time point were 

significantly higher compared to other isolates, except Ck/NY/19. With Ck/NY/042097/18 

and Ck/NY/19, virus shedding by the OP route was detectable starting from 2 dpi until 
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7 dpi and no viral RNA was detected in OP swabs collected beyond 7 dpi regardless of 

isolate and dose group (Figure 1a). CL shedding of Ck/NY/042097/18 and Ck/NY/19 was 

mostly detectable at all time points, which peaked at 4 dpi for Ck/NY/042097/18 and at 

7 dpi for Ck/NY/19. Chickens infected with the high doses of both isolates shed virus 

predominantly by the OP route. When comparing quantities of virus shed in chickens at 2 

and 4 dpi, OP shedding was only observed in Ck/NY/042097/18 and Ck/NY/19 at 2 dpi, 

but was observed with all viruses at 4 dpi. However, CL shedding was observed only by 

chickens infected with Ck/NY/042097/18 (2 dpi) and Ck/NY/19 (2 and 4 dpi) over the same 

time frame. A direct pairwise comparison of shed titers between all isolates was difficult as 

data was only collected at 2 and 4 dpi for most of the viruses except the two recent isolates 

Ck/NY/042097/18 and Ck/NY/19 (Figure 1a, 1b), Supplemental Figure 2), where Ck/NY/19 

was shed at significantly higher titers at 4 dpi by the OP route.

No contact-exposure chickens were infected in any of the low and medium dose groups of 

Ck/NY/042097/18, but 100% (3 of 3) were infected in the medium dose group of Ck/NY/19 

(Table 2). 100% (3 of 3) of contact-exposure chickens were infected in both high dose 

groups of Ck/NY/042097/18 and Ck/NY/19. Seropositivity did not directly correlate with 

detection of virus shed (birds that shed detectable levels of virus were positive for antibody). 

Regardless of the dose, none of the isolates caused observable clinical disease in infected 

chickens. The 50% bird infectious doses (BID50) for chickens ranged among the isolates 

from 2.8 to >6.0 log10 BID50 (Table 2).

The pathogenicity, bird infectious dose, and relative transmissibility of Ck/NY/042097/18 
and Ck/NY/19 in Pekin Ducks.

No ducks, including contact-exposed animals, were infected in the low dose groups of either 

isolate, while 40% (2 of 5) and 80% (4 of 5) of inoculated ducks were infected in the 

medium dose groups of CK/NY/042097/18 and Ck/NY/19, respectively (Table 3). In the 

high dose groups, only 40% (2 of 5) of the ducks were infected with Ck/NY/042097/18 

and all ducks (5 of 5) were infected with Ck/NY/19 (Table 3). Oropharyngeal shedding 

occurred through 4 dpi in the Ck/NY/042097/18 medium dose group (Figure 2c) and 7 dpi 

in the Ck/NY/19 medium dose group (Figure 2d). In the Ck/NY/19 medium dose group, 

CL shed titers peaked at 7 dpi (mean titer: 103.3 EID50/mL) and continued through the 

end of the experiment (14 dpi). None of the contact-exposure ducks from the medium 

dose group of Ck/NY/042097/18 were infected, while 100% (3 of 3) were infected in 

the Ck/NY /19 medium dose group. The OP and CL titers from ducks infected with high 

dose Ck/NY/19 were significantly higher compared to the Ck/NY/042097/18 (Supplemental 

Figure 2). None of the contact-exposure ducks from the Ck/NY/042097/18 high dose group 

were infected, while 100% (3 of 3) were infected in the Ck/NY/19 group. Regardless 

of the challenge dose, no clinical signs were observed in infected ducks. The BID50 for 

Ck/NY/042097/18 was >6.0 log10 EID50 and was 3.3 log10 EID50 for Ck/NY/19 (Table 3). 

Antibodies were detected in serum from 40% of inoculated ducks in the Ck/NY/042097/18 

high dose group and all inoculated ducks in the Ck/NY/19 high dose group. Seropositivity 

generally correlated with detection of virus shed (Table 3).
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The pathogenicity, infectious dose, and relative transmissibility of Ck/NY/042097/18 and 
Ck/NY/19 in Guinea fowl.

Twenty percent (1 of 5) of the guinea fowl from each low dose group of both isolates 

were infected (Table 3). In the medium dose groups, 40% (2 of 5) and 100% (5 of 5) of 

guinea fowl were infected with Ck/NY/042097/18 and Ck/NY/19, respectively. All directly 

inoculated guinea fowl in the high dose groups of both isolates were infected. Viral RNA 

was detected in only OP swabs collected from guinea fowl inoculated with medium dose 

Ck/NY/042097/18 until 7 dpi (Figure 2c), whereas in the Ck/NY/19 group, viral RNA 

was detectable from both OP and CL swabs collected at all time points (Figure 2d). The 

OP and CL shed titers of the Ck/NY/19 were significantly higher than those of Ck/NY/

042097/18 from both the medium and high dose groups at several time points. The guinea 

fowl in the Ck/NY/19 high dose group shed more virus orally; viral titers in the OP swabs 

collected from this group were almost 1 log10 higher than the Ck/NY/042097/18 group 

at 2 dpi (mean titer: 104.5 EID50/mL vs. 103.8 EID50/mL) and 4 dpi (mean titer: 105.1 

EID50/mL vs. 104.1 EID50/mL) (Figure 2e, 2f). In contrast, guinea fowl in the high dose 

Ck/NY/042097/18 group shed higher titers cloacally at 7 and 10 dpi. No contact-exposure 

guinea fowl were infected in either low dose group or the Ck/NY/042097/18 medium dose 

group. However, 100% were infected in both Ck/N/19 medium dose group and in high dose 

groups (Table 3). Infected guinea fowl did not exhibit any observable clinical signs. The 

BID50 of Ck/NY/042097/18 and Ck/NY/19 in guinea fowl were 4.3 log10 EID50 and 2.8 

log10 EID50, respectively (Table 3).

Comparison of virus shed among chickens, Pekín ducks and guinea fowl with Ck/NY/
042097/18 and Ck/NY/19.

Virus shed patterns were compared among all three species for Ck/NY/042097/18 and 

Ck/NY/19 and were compared between the isolates for each species (Figure 3, Supplemental 

Figure 2). There was a trend for guinea fowl infected with Ck/NY/042097/18 to shed more 

virus both orally and cloacally than chickens or Pekin ducks, which was significant at 2, 

4, and 7 DPI for OP swabs and at 7, 10, and 14 DPI for CL swabs. Similarly, guinea fowl 

also shed significantly more Ck/NY/19 than chickens and/or ducks by the OP route at 2 and 

4 dpi. Based on Fisher’s exact test, the highest proportion of birds shedding the Ck/NY/19 

virus at the high dose were guinea fowl, which also shed significantly higher titers orally at 

earlier time points (2, 4, and 7 dpi) and cloacally at later time points (7and 10 dpi).

When comparing Ck/NY/042097/18 and Ck/NY/19 shed within a species, there was no 

difference for Pekin ducks. However, Ck/NY/19 was shed at significantly higher titers than 

Ck/NY/042097/18 by chickens at 4 dpi by the OP route and by guinea fowl by the OP route 

at 2 and 4 dpi (Figure 3a, 3b). In contrast, titers of Ck/NY/042097/18 were higher in CL 

swabs from guinea fowl at 10 and 14 dpi.

Genetic analysis of LBM H2N2 isolates.

SNP analysis of complete coding regions was conducted to identify amino acid sequence 

changes associated with the level of virus adaptation in poultry. A total of 23 amino acid 

differences were identified in the Ck/NY/19 isolate were when compared with other H2N2 
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challenge viruses (Table 4). The most notable difference was that the Ck/NY/19 isolate has a 

19 amino acid deletion in the NA protein stalk region.

Discussion

The bird infectious dose, relative transmissibility and pathogenicity of H2N2 LPAIVs that 

were recently isolated from LBMs located in the Northeast US were characterized in 

chickens, Pekin ducks, and guinea fowl, revealing species- and isolate-specific differences. 

No mortality or clinical signs were observed in any of the infected species, regardless of 

dose or isolate. This was expected as no or low morbidity and mortality in gallinaceous 

species and ducks is typical of LPAI infection under experimental conditions (Alexander 

et al., 1986; Jackwood et al., 2010; Makarova et al., 2003; Pantin-Jackwood et al., 2017; 

Spackman, 2020).

The mean bird infectious dose varied among species and isolates, reinforcing that the host 

adaptation and infectivity of influenza A virus is species specific. Expectedly, transmission 

to contact exposure birds correlated with infectious dose because the directly inoculated 

birds were infected and shed higher amounts of virus. In a previous study, the upper limit 

for a mean bird infectious dose that could predict a sustainable transmissibility in chickens 

was suggested to be 104.7 EID50 (Swayne and Slemons, 2008). Based on that criteria, 

the Ck/NY/19 LPAIV isolate would be able to be maintained in poultry populations in 

the LBMs and would likely have a fitness advantage over isolates with higher mean bird 

infectious doses. Importantly, birds in the LBMs are likely under high stress which may 

affect susceptibility to infection and disease. This may help explain why the chicken-origin 

isolates are poorly infectious for chickens in experimental conditions. Furthermore, because 

of the variety of species present in many markets, these isolates may be maintained in 

species other than chickens or may be an environmental spillover.

Among the three species, guinea fowl was the most susceptible to virus infection and shed 

the most virus. Data available for guinea fowl are limited, although there is a report with 

highly pathogenic (HP) AIV which showed they were highly susceptible to disease and 

infection (Bertran et al., 2017) and another study demonstrated their high susceptibility to 

LPAIV (Umar et al., 2016). More side-by-side studies are needed, but there appears to be 

variation in susceptibility of gallinaceous birds to AIV infection and virus replication, where 

chickens are generally more resistant than turkeys or guinea fowl (Pantin-jackwood et al., 

2017; Spackman et al., 2010; Swayne and Slemons, 2008).

Notably the isolate with the 19 amino acid NA stalk deletion (Ck/NY/19) had the lowest 

bird infectious dose, and exhibited the best transmission to contact exposure birds, for all 

three species. This H2N2 lineage is only found in the LBM system, which suggests that the 

NA deletion occurred during circulation of the virus in that environment. Deletions in the 

NA have been recognized as a marker of influenza virus adaptation to gallinaceous species 

(Banks et al., 2001; Hossain et al., 2008; Munier et al., 2010; Sorrell et al., 2010). Previous 

studies have shown that the host range of AIV could be affected by the NA stalk’s length 

(Castrucci and Kawaoka, 1993; Guangxiang et al., 1993). However, this is the first study to 

demonstrate that an isolate with an NA stalk deletion has a lower bird infectious dose in 3 
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avian species examined side-by-side. Interestingly, the lower bird infectious dose was also 

observed in a waterfowl species, Pekin ducks.

The neuraminidase protein is a sialidase that removes sialic acid from both the host and viral 

proteins and allows the extracellular release of the virus after replication. There appears to 

be an optimal level of hemagglutinin binding to host receptors to allow entry into the cell, 

but also a level of attachment that allows release from the cell and transmission to another 

cell or host. The NA is thought to help balance these competing hemagglutinin activities 

of virus entry and the release of the virus after replication to allow effícient transmission 

(Baigent and McCauley, 2001; Castrucci and Kawaoka, 1993; Els et al., 1985). A deletion 

in the NA stalk will effectively strengthen HA binding by decreasing the sialidase activity 

of the NA protein which cleaves the virus from the cell during the infection process (Els et 

al., 1985). The NA in low pathogenic viruses in wild birds rarely if ever has a stalk deletion, 

but it is common to see stalk deletions in viruses that have circulated in gallinaceous birds. It 

remains unclear of why there is selective pressure in gallinaceous birds for reduced sialidase 

activity, but the infection and transmission studies in this study support an important role of 

stalk deletions. In addition to birds, stalk deletions have been shown to affect replication cell 

culture and in mice (Baigent and McCauley, 2001; Castrucci and Kawaoka, 1993).

The role of other genetic differences between Ck/NY/19 and the other isolates that 

contribute to host adaptation would need to be investigated with reverse genetics, but some 

have been reported previously. Substitutions in Ck/NY/19 included K350R in the PB1 

protein which may disrupt early innate immune responses (Suzuki et al., 2009), A85T which 

was associated with increased lethality of HPAIVs in ducks (Kajihara et al., 2013), and 

I432V in the PA protein which is considered a virulence determinant in chickens (Bogs 

et al., 2010). Other changes have not yet been defined. There is also a possibility that 

the mutations and deletions in Ck/NY/19 may have contributed to increased replication 

effíciency of the virus itself, as the virus was shed in highest titers compared to other 

isolates across all species tested in this study. Several studies have shown that intermediate 

host-associated genetic changes in AIV could increase the virus’s replication efficiency in 

other avian species (Hossain et al., 2008; Sorrell and Perez, 2007). The Ck/NY/19 isolate 

may have progressively gained genetic properties that increased its replication fitness in 

several hosts by circulating in LBMs for some time. Oropharyngeal and CL shed titers and 

the proportion of birds shedding also varied by species-host combination. Generally, isolates 

with a lower mean bird infectious dose were shed at higher titers across all three species. 

The general trend for earlier oral shedding compared to cloacal shedding is probably due 

to the birds being inoculated by the intra-choanal route. Also, previous studies have shown 

that chickens generally don’t shed LPAIVs by the CL route as consistently and with as 

high titers as they do by the oral route (Germeraad et al., 2019; Pantin-Jackwood et al., 

2017). Compared to chickens and Pekin ducks, guinea fowl shed the highest quantity for 

the longest duration by both the OP and CL routes with the two viruses tested in all 

three species. The highest proportion of birds shedding these isolates was also the guinea 

fowl. Guinea fowl could potentially contribute to environmental contamination more than 

chickens or Pekin ducks with these viruses. This is important as guinea fowl are commonly 

reared in the US as commercial free range or by small-holder commercial growers (Robbins 

et al., 2011). Because of their low production costs, greater capacity to use environmentally 
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sustainable feeds, and higher protein content in meat, guinea fowl are becoming more 

popular in the markets, so maintaining surveillance of guinea fowl in the US LBMs is 

important. Interestingly, the virus which was shed at the highest titers by guinea fowl and 

Pekin ducks was the isolate with the NA stalk deletion (Ck/NY/19).

One key limitation of the study is that all six isolates were not tested in guinea fowl and 

Pekin ducks. Therefore, it is difficult to determine if better adaptation (lower bird infectious 

dose, better relative transmissibility, and higher shed titers) to these species, which are 

common in the LBM system, are a trend with the more recent viruses. A detailed network 

analysis and molecular epidemiological study (unpublished) is in progress and should help 

shed more light on how the viral variants are evolving and has been spreading within the 

LBM system.

Monitoring the biological characteristics of viruses such as the H2N2s in the LBM system 

is important because viruses in LBM systems have the potential to be exposed to numerous 

hosts at high levels, which is conducive to crossing the species barrier and broadening host 

range. For commercial poultry there is always a threat of transmission when an LPAIV is 

endemic in the LBMs (Senne et al., 2003; Suarez et al., 2003). Although the H2N2 LPAIV 

may not be seen as a major disease issue like H5 or H7 AIVs, if the virus becomes adapted 

to chickens it could have a greater impact on production or even trade. Finally, there are 

surveillance programs in place in the US LBM system that will contínue to monitor AIV 

evolution until it can be eradicated, which is the ultimate goal of these programs.

Conclusions

Although the prevalence varies, H2N2 LPAIVs have been regularly isolated from the 

Northeast US LBMs over the past few decades. The isolates are acquiring mutations that 

suggest that the virus may be adapting from wild waterfowl to the species (e.g., gallinaceous 

birds) that are common in the LBMs. One adaptation is a deletion in the NA stalk protein. 

Here an isolate with the stalk deletion has a lower bird infectious dose for chickens, Pekin 

ducks and guinea fowl. The role of other residue changes is unknown. Also, the viruses were 

generally shed well by guinea fowl, suggesting that they can serve as a reservoir for other 

species in the market system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• H2N2 influenza A are regularly isolated from US live bird markets.

• Mutations have been acquired and may increase adaptation to species in the 

markets.

• An H2N2 influenza A had a lower infectious dose in chickens, turkeys and 

ducks.

• None of the virus caused observable disease but were shed efficiently by the 

oral and cloacal routes.
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Figure 1. 
Log10 titer equivalents from quantitative real-time RT-PCR for viral RNA detected in swabs 

collected from chickens inoculated with the high dose (106 EID50) of each H2N2 isolate; 

(a) oropharyngeal (OP); and (b) cloacal (CL). Samples were only collected from two of the 

viruses (A/chicken/NY/18–042097-3/2018 and A/chicken/NY/19–012787-1/2019) at 7, 10, 

and 14 days post inoculation (DPI) andstatistical groups are only shown for these groups 

because other challenge groups had too low power (n=5). Groups are denoted by letters and 

are only shown on DPI when a significant difference was observed.
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Figure 2. 
Log10 titer equivalents from quantitative real-time RT-PCR for viral RNA detected 

in oropharyngeal (OP) and cloacal (CL) swabs collected from guinea fowl or Pekin 

ducks; (a) A/chicken/NY/18–042097-3/2018 low dose (102 EID50), (b) A/chicken/NY/

19–012787-1/2019 low dose (102 EID50), (c) A/chicken/NY/18–042097-3/2018 medium 

dose (104 EID50), (d) A/chicken/NY/19–012787-1/2019 medium dose (104 EID50), 

(e) A/chicken/NY/18–042097-3/2018 high dose (106 EID50), (f) A/chicken/NY/19–

012787-1/2019 high dose (106 EID50). Statistical groups are denoted by letters and are 

only shown on DPI when a significant difference was observed.
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Figure 3. 
Log10 titer equivalents from quantitative real-time RT-PCR for viral RNA detected 

in oropharyngeal (OP) and cloacal (CL) swabs collected from birds inoculated with 

the high dose (106 EID50) of A/chicken/NY/18–042097-3/2018 or A/chicken/NY/19–

012787-1/2019; (a) chickens; (b) guinea fowl; or (c) Pekin ducks; Statistical groups are 

denoted by letters and are only shown on DPI when a significant difference was observed.
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